Abstract: This paper demonstrates a molding technique for producing spheres composed of eutectic gallium-indium (EGaIn) with diameters ranging from hundreds of microns to a couple millimeters. The technique starts by spreading EGaIn across an elastomeric sheet featuring cylindrical reservoirs defined by replica molding. The metal flows into these features during spreading. The spontaneous formation of a thin oxide layer on the liquid metal keeps the metal flush inside these reservoirs. Subsequent exposure to acid removes the oxide and causes the metal to bead up into a sphere with a size dictated by the volume of the reservoirs. This technique allows for the production and patterning of droplets with a wide range of volumes, from tens of nanoliters up to a few microliters. EGaIn spheres can be embedded or encased subsequently in polymer matrices using this technique. These spheres may be useful as solder bumps, electrodes, thermal contacts or components in microfluidic devices (valves, switches, pumps). The ease of parallel-processing and the ability to control the location of the droplets during their formation distinguishes this technique.
Introduction
This paper describes a simple method for producing and organizing uniform droplets of liquid metal. The droplets are composed of eutectic gallium and indium (EGaIn, 75 wt% gallium and 25 wt% OPEN ACCESS indium), which is liquid at room temperature [1] with low viscosity and high electrical conductivity (2.94 × 10 −5 ohm cm) [2] . EGaIn has been utilized in various applications, such as deformable antennas [3] [4] [5] [6] , self-healing wires [7, 8] , ultra-stretchable fibers [9] , multiaxial stretchable interconnects [10, 11] , soft electrodes [12] , microfluidic electronics [13, 14] and sensors [15, 16] . These applications are enabled by a thin oxide skin that forms spontaneously on the metal at ambient conditions, which allows EGaIn to form stable shapes that would otherwise be prohibited by surface tension [17, 18] . Here, we show that it is possible to harness this surface oxide to enable a new method for creating droplets that are soft and have metallic electrical, optical and thermal properties. The ability to fabricate liquid metal droplets with a controlled geometry is important for energy harvesting [19] , self-healing composites [8] , soft electrodes [20] , micropumps [21, 22] , interconnects [23] , liquid marbles [24] , switches [25] and relays [26] . Molten metal droplets are also used routinely as solder bumps for flip chips [27, 28] . Because of the commercial importance of emulsions, there have been many methods developed to continuously and rapidly produce droplets of water in oil (or oil in water) [29] [30] [31] [32] . To form droplets, work must be done to create additional surface area between immiscible fluids. Examples include forcing fluids through membranes or microfluidic orifices, shearing one liquid with another immiscible fluid [33] , sonication [34] and pumping one fluid out of a syringe into an immiscible fluid [35] . Most of the aforementioned techniques produce droplets with diameters that are polydisperse. Microfluidic techniques can produce monodisperse spheres using approaches like emulsification [36, 37] and two-phase flow in microfluidic channels [38] . In the latter technique, two immiscible streams meet at a junction where the dispersed phase breaks into jets of liquid microspheres [39, 40] using co-flowing [41, 42] , cross-flowing [43, 44] and flow focusing streams [45, 46] . Many of the methods developed to produce droplets do not translate well to EGaIn, because of its large surface tension and its surface oxide; however droplets have been created by dispensing [18] , sonication [47] [48] [49] and flow focusing [50, 51] .
The droplets produced by the aforementioned methods collect in vials. For cases where the location of the droplets is important-such as microscale devices-it is possible to directly dispense small droplets from a nozzle, which is a serial process that requires mechanical control of the dispensed volume and location.
Droplets collected in vials must be stabilized against coalescence, which is usually accomplished by the addition of a surfactant. The presence of a surfactant may be undesirable in some cases, particularly those applications calling for conductive metals. In the case of gallium alloys, the oxide skin can impart modest stability against coalescence, but the addition of polymers, such as polyvinyl alcohol, improve stability substantially [50] . The most reliable way to prevent coalescence is to produce the drops without them ever touching.
We describe here a method that can produce liquid metal droplets rapidly, in precise locations within a mold and without the use of sophisticated equipment or any surfactants. The method relies on the oxide skin that forms on the liquid metal in two ways. It facilitates spreading of the metal across the mold. It also stabilizes the liquid within the topographical reservoirs; in contrast, liquid metals that do not form oxides (e.g., Hg or EGaIn in the presence of acid) would be difficult to manipulate, due to their large surface energies. Upon removing the oxide, the metal in the mold beads up and stays within the recess of the mold while adopting a spherical shape. The shape of the features in the mold dictates the volume of the drops, and the locations of the features in the mold spatially organize the drops. In principle, the droplets may be (1) harvested individually, (2) demolded into a vial, (3) encased within the mold with more polymer, (4) utilized in the mold as a component in a microdevice or (5) transferred to another surface. Here, we characterize the size of droplets formed using this technique as a function of mold geometry and show a few illustrative examples. Figure 1 shows the steps to produce droplets. First, a laser writer (VLS3.50, Universal Laser Systems, Scottsdale, AZ, USA) patterns posts on a sheet of acrylic. Although there are many methods for patterning topography, we chose a laser writer, because of the ease of processing. The power and raster speed of the laser dictates the depth of the features according to a calibration curve ( Figure S1 in the Supplementary Information). The laser limits the diameter of the posts to a ~200-μm diameter. Pouring and curing polydimethylsiloxane (PDMS, Dow Sylgard-184) over the acrylic mold produces a soft and flexible inverse replica featuring reservoirs. Spraying isopropanol over the PDMS mold prevents the metal from sticking to the flat (non-recessed) regions of the PDMS mold for reasons we do not completely understand, although the roughness of the PDMS in these regions may contribute to the lack of adhesion. Smearing the metal over the mold using the edge of a glass slide forces the liquid to fill into the voids and displaces the excess liquid metal. The oxide skin stabilizes the metal in the voids, such that it adopts a cylindrical-like shape. The oxide film that forms on gallium-based alloys is responsible for holding the metal in this non-equilibrium shape [52, 53] . Hydrochloric acid vapor [54, 55] from a cotton swab removes the EGaIn oxide skin (Figure 1e ), causing the metal to bead up into a spherical shape within the mold, yet each drop stays within the void that defines its volume. Although the voids have a cylindrical shape, the resulting droplets are nearly perfect spheres, because of the high surface tension of the metal in the absence of the oxide. The beads can then be either harvested individually, poured out of the mold, transferred to another substrate or remain in the mold. The process is easy, quick and can be repeated many times using the same PDMS mold. Figure 2 shows EGaIn spheres sitting in a mold with reservoirs of decreasing size. 
Experimental Design

Results and Discussion
We sought to understand how well the method depicted in Figure 1 can control the diameter of the drops by varying the geometries of the reservoirs.
Although we programmed the laser cutter to create cylindrical reservoirs in acrylic, the laser produced cylindrical posts with tapered walls and an elliptical base. Figure 3a shows a side view and top views of the top and bottom surfaces of an empty PDMS reservoir. The arrows indicate the designed diameter of the cylinder. We measured the depth of the reservoirs by focusing on the top and then the bottom of the features using a calibrated optical microscope. This approach for estimating depth agreed with measurements done on larger features using a micrometer. We varied the reservoir diameters (200, 1000, 1250, 1500, 1750 and 2500 μm) and depths (from 300 to 3000 μm) to form droplets with a variety of sizes. These sizes are easy to access using a laser cutter, which allows for rapid prototyping of molds.
The maximum diameter we produced is 3500 μm, although it is possible to make larger drops in principle. The molds produce droplets with diameters as small as ~200 μm. The resolution of the laser cutter provided the lower bound in our studies. Although we focus on droplets produced by molds fabricated by laser writing due to its simplicity, it is possible to apply the technique to molds produced by methods with higher resolution, including photolithography. As a proof of principle, we created droplets in molds with 100-μm diameters; however, the smearing technique used here could not force metal into reservoirs of 50 μm or smaller. This lower limit provides an opportunity to create features in the mold (e.g., microchannels) that will not fill with metal alongside reservoirs for the liquid metal microspheres. New techniques show that it is possible to imprint liquid metal into molds with features as small as 2 μm [56] , which should be compatible with the principles of droplet formation shown here. As a point of reference, liquid spheres produced using other techniques typically have diameters ranging from 100 nm to 680 μm [37, 44, 50, [57] [58] [59] .
To characterize the size of the droplets, we took top-down microscope images of the droplets with a bright background and used ImageJ software to measure the diameter of the droplet, from which we calculated the volume. We also used a goniometer to take side-view images of the droplets and relied on the goniometer software to automatically calculate the volume of the droplet based on an axisymmetric projection of the droplet profile. The two methods gave very close values with a maximum discrepancy of 4.2%. We used the first method, since ImageJ can do batch image analysis in a single run. Figure 4 shows a side-view image of the reservoir filled with EGaIn, a top-down microscope image and a side view goniometer image of the same drop after releasing it from the reservoir.
In principle, the volume of the liquid metal droplets should be equal to the volume of the reservoir if it fills the reservoir perfectly. Figure 5a shows the relation between the actual volume of the spheres and the volume of the reservoir. For reservoirs with a volume less than 4 mm 3 , the volume of liquid spheres agrees well with the reservoir volume, although it is sometimes slightly less than the reservoir volume. This deviation may result from under filling or EGaIn residue left inside the reservoir, which reduces the volume of the sphere. In contrast, droplets produced from larger reservoirs always have a volume larger than the volume of the reservoir. This deviation likely results from overfilling the reservoir with EGaIn, as shown in Figure 5b . Based on visual observations during spreading (cf. Figure 1d) , the metal is more prone to flow under the spreader through the large reservoirs, which results in a spherical cap on top of the opening. We quantified the effectiveness of the filling process by the filling factor, f, which is the ratio between the actual volume of the sphere (V) and the actual volume of the reservoir (Vo). Recall that the volume of the reservoirs matches the theoretical cylindrical volume for volumes less than or equal 4 mm 3 , so either geometry could be utilized interchangeably for Vo for that range. A filling factor of 1 represents a perfectly filled reservoir, whereas a value below 1 indicates an under-filled reservoir. We sought to calculate the value of the filling factor for the droplets with volumes smaller than 4 mm 3 . We limit our analysis to these volumes due to the deviations that occur at larger volumes due to filling error. We did an additional analysis for the droplets with volumes from 0.01 to 0.25 mm 3 due to their importance in microdevices and solder bumps. We estimate the filling factor in two ways. First, the slope of the linear fit of the points in Figure 5a gives a value of f = 0.96, and the slope of the linear fit of Figure 5c gives a value of f = 0.975. These similar values suggest that the reservoirs typically fill uniformly and without major voids. Figure 6 plots the distribution of filling factors. Excluding the three largest fill factors (from a data set of 203 droplets), the data had a normal distribution as evidenced by the Shapiro-Wilk test probability value of 0.14 (>0.05) and standard deviation of 0.18. This result suggests that most of the fill factor data is randomly distributed about a mean value of 0.915, which is slightly lower than the value obtained from fitting the points in Figure 5a . Taken in sum, the results suggest that, on average, the reservoirs fill uniformly, but there is some distribution of sizes due to the imprecise spreading method with which the metal distributes into the reservoirs. We also evaluated (not shown) the effect of aspect ratio (reservoir height to diameter ratio) on filling and found that aspect ratios greater than 0.6 did not fill well and were not included in the study; however, lower aspect ratios filled well, including the lowest one we tried, 0.12. The dependency on aspect ratio suggests that the meniscus of the metal may need to touch the bottom of the reservoir to facilitate filling. In addition to harvesting droplets via demolding (cf. Figure 4) , EGaIn spheres or microcylinders (i.e., the shape of the metal before removing the oxide) can be embedded in polymers in any desired pattern. After forming droplets in the reservoirs, we poured more polymer over the droplets to seal and enclose the spheres in the mold instead of pushing them out. Figure 7a shows EGaIn drops embedded in a PDMS matrix. Likewise, it is possible to encase the metal features into microdevices and microchannels. Figure 7b shows a liquid metal drop formed by spreading the metal into a reservoir connected to a microchannel. A planar layer of polymer seals the device. After removing the oxide, the metal beads up to create a droplet inside the microchannel. This geometry mimics that utilized previously [22] to create a liquid metal pump, and in principle, it could be utilized for other applications, including energy harvesting by reverse electrowetting [19] and micromechanical switches [60] .
In principle, it may be possible to transfer the droplets from the mold to arbitrary substrates while maintaining lateral spacing between droplets. In practice, we found that in the absence of the oxide skin, the metal droplets roll around on the target substrate and, therefore, lose their order outside of the mold. It may be possible to utilize recessed wells on the target substrate, tacky coatings or wetting substrates (e.g., other metal films) to prevent the metal from moving laterally during transfer.
Conclusions
This paper describes a simple method to produce and pattern spheres of EGaIn in molds. The process forces EGaIn into reservoirs that define the size and location of the final droplets. The formation of a surface oxide on EGaIn allows it to conform within the reservoirs during the spreading process and the removal of the oxide by exposure to acid causes the metal to bead up into droplets on demand within the molded features. Although we focus on EGaIn, this technique can likely be applied to any liquid metal alloy containing gallium and, in principle, could be extended to molten metals at elevated temperatures. The volume of the spheres can be controlled easily by changing the dimensions of the reservoirs. This technique can be used for producing many spheres in parallel with any desired two-dimensional spatial arrangement. The resulting EGaIn spheres can be collected, embedded in other materials, such as polymer, or encased in microdevices. In principle, this technique should be compatible with other conventional planar microfabrication techniques. On average, the droplets reproduce the geometry of the molds faithfully. The droplets formed by this technique are not perfectly monodisperse, but form without the need for any stabilizing surfactant, due to their physical isolation. With a more automated spreading process, the standard deviation should improve. It may be possible to scale up the production process by using larger substrates. This technique offers a fast and easy method for preparing liquid metal spheres with a wide range of volumes.
